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INTRODUCTION
Restoration and management decisions about the South Florida ecosystem are based in part on the results of simulations made with numerical surface-water models. Model results are sensitive to the expressions used for vegetative flow resistance and to the values of the coefficients that appear in these expressions. U.S. Geological Survey (USGS) hydrologists and ecologists are conducting studies to quantify vegetative flow resistance in order to improve numerical models of surfacewater flow in the Florida Everglades. For use in the models, vegetative flow resistance must be expressed in terms of measurable parameters that describe the flow and the vegetation. These parameters include the flow velocity through the vegetation, the water depth, the water-surface slope, and the type, physical characteristics, and density of the vegetation.
Water-surface slope is perhaps the most difficult of the flow resistance parameters to measure in the Everglades due to the very low gradients of the topography and flow. Conventional surveying methods do not provide the level of precision needed to accurately determine water-surface slopes in such wetland environments. In an effort to measure these very small slopes, a unique pipe manometer ( fig. 1 ) was developed for the local measurement of water-surface slopes on the order of 1 centimeter per kilometer (cm/km).
According to theory (Streeter and Wylie, 1979) , for laminar flow conditions, the centerline velocity of fluid in a pipe is a function only of the pipe geometry, the fluid viscosity, and the difference in water-surface elevation over the length of the pipe. Therefore, a very precise measurement of pipe centerline velocity obtained inside the pipe manometer should serve as a unique proxy for water-surface slope in the direction of the pipe axis. In order to confirm this theoretical relationship and calibrate the pipe manometer, water-surface elevation and pipe centerline velocity data were simultaneously measured in a set of experiments carried out in the tilting flume at the USGS Hydraulic Laboratory Facility at Stennis Space Center, Mississippi. The remainder of this document contains a description of the instrumentation and methods used to evaluate this technique for measuring water-surface slope as well as a summary of the entire data set.
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STUDY METHODS
Flume Description
Pipe calibration experiments were conducted in a 60-m-long, 2-m-wide, 1.2-m-deep tilting flume at the USGS Hydraulic Laboratory Facility at Stennis Space Center, Mississippi ( fig. 2 ). Mudfilled pans were fit tightly into the bottom of the flume and 17,000 sticks (each approximately 1 cm x 2 cm x 120 cm) were inserted into the mud at 8 cm intervals in staggered rows to simulate vegetated conditions. A constant head tank controlled discharge at the upstream end and metal plates, called stop logs, were added or removed at the downstream end to control the depth of water in the flume. Before each set of experiments, the head was raised at the upstream end of the flume to create the desired discharge, and the flow was allowed to reach steady-state. A water depth of approximately 76 cm was maintained for all experiments by installing 2.5 stop logs at the downstream end of the flume (2.5 stop logs equals a nominal depth of 2.5 feet, or 76 cm).
Data Collection
Eleven sets of concurrently measured water-surface slope and pipe centerline velocity data were collected (Table 1 and Table 2 ). Each set of experiments consisted of two replicate sets of watersurface slope measurements (designated "Pass A" and "Pass B") and approximately twenty pipe centerline velocity measurements, as described below.
Water-Surface Slope Measurement
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In order to overcome the surveying difficulties, a level-water surface (attained with no flow in the flume) was used as the common datum. After maintaining no-flow conditions in the flume for a period of 24 hours, the elevation of the level-water surface was determined from six independent stage measurements collected at each of the ten hook gage locations ( fig. 2 ). Hook gage data were time-adjusted (see calculations below) to correct for falling water levels in the flume due to evaporation during the period of data collection. Once the level-water surface was established for a given hook gage configuration, subsequent experiments were referenced to that datum until the gages were moved for any reason. Only one measurement of the level-water surface was required during the collection of the data described herein.
After each set of slope data was collected, the corresponding datum value was subtracted from each measurement to obtain the relative elevation above or below the established level-water surface. Hook gage measurements collected for determining the water-surface slope were not time-adjusted because losses due to evaporation were assumed to be minimal relative to water level differences between locations
Pipe Centerline Velocity Measurement
For each set of experiments, pipe centerline velocity measurements were collected at five locations along the east side of the flume and five corresponding locations along the west side of the flume ( fig. 2 ) using two pipe manometers ( fig. 1 ). Both pipe manometers were constructed from a 2.4-m-long, 7.6-cm-diameter piece of PVC pipe with a short elbow of the same diameter at the upstream end. However, one of the pipe manometers had an additional elbow at the downstream end. For each velocity measurement, the manometer was located approximately 0.46 m from the wall of the flume, aligned parallel to the direction of flow, and positioned horizontally just below the water surface with the elbow(s) pointing down. Each manometer was supported by wooden stakes inserted into the mud in the bottom of the flume in an "X" configuration with the manometer resting in the top part of the "X" (fig. 1 ).
The pipe centerline velocity was measured by inserting an acoustic Doppler velocity (ADV) meter equipped with a sideward-looking probe into the downstream end of the pipe ( fig. 1 ). The ADV meter has a rated precision of 0.1 mm/s in a range of 0 to 10 cm/s (Sontek, 1997). Velocity components in three directions (x, y, and z) were collected at 10 Hz in bursts of two-minute duration producing a 1200-point time series. Along with velocity, two 3-component signal quality statistics, correlation (CORR) and signal-to-noise ratio (SNR), were measured for each data point (Sontek, 1997) . These signal quality statistics were used to remove suspect data points from the pipe centerline velocity calculations.
CALCULATION OF WATER LEVELS, WATER-SURFACE SLOPES, AND VELOCITIES
Time-Adjusted Level-Water Datum Calculation
Hook gage measurements used in calculating the level-water surface are presented in Appendix A (Table A-2) . Raw hook gage data were time-adjusted to correct for falling water levels in the flume due to evaporation during the period of data collection. Correction of the hook gage data was based on the average rate of water-surface lowering over time, which was calculated from the individual rates of change of the water-surface elevation at each gage location.
The rate of change (mi ) of the water-surface elevation at the ith location along the length of the flume was determined from the slope of the regression line through the six independent measurements ( h(j , t(j , j = 1 ...6 ) taken at that location. The rate of water-surface lowering at an individual location was calculated as:
7=1
where hy = unadjusted water-surface elevation and (tfj -f0 ) = total time elapsed between the time ( tf j ) that each measurement ( h-) was collected and an arbitrary reference time ( tQ ) chosen as the time that the first measurement of the day (hu ) was collected.
The slope values from each of the ten hook gage locations (Table A-3) were then averaged to estimate the rate of change of the level-water surface for the entire flume ( M ) using:
iotr Individual time-adjusted datum values ( Htj ) shown in Table A 
H t =hy-M(tt -tt )
The individual time adjusted data ( Htj ) were then averaged to determine a final level-water datum value ( 77. ) at each of the ten hook gage locations (Table A- 
Water-Surface Slope Calculation
Hook gage measurements used in calculating water-surface slopes are presented in Appendix B (Tables B-l where hk -the difference in elevation between the raw hook gage measurement and the established level-water reference datum at the hook gage and jt* = the hook gage's location along the length of the flume. The slope values from the east and west sides of the flume were then averaged to obtain the average water-surface slope for each experiment (Table 1) .
Pipe Centerline Velocity Calculation
For each 1200-point time series of velocity measurements, signal quality values for the three velocity components were averaged to obtain a corresponding 1200-point time series of average CORR and average SNR values. Points with average CORR values below a selected signal quality threshold (CORR < 70; Sontek, 1997) were identified and removed from the unfiltered time series to create a separate CORR-filtered time series. The three velocity components of the data points in the CORR-filtered time series were then averaged separately and a resultant magnitude, called the CORR-velocity, was calculated. Similarly, data points with average SNR values below a selected signal quality threshold (SNR<5; Sontek, 1997) were removed from the unfiltered time series to create an SNR-filtered time series. The velocity components of the data points in the SNR-filtered time series were averaged separately and used to calculate the resultant SNR-velocity. If the resultant CORR-and SNR-velocities agreed within 15%, the CORR-velocity was used as the pipe centerline velocity. If the difference was greater than 15%, the data from that experiment were not used. In total, 316 out of the 332 velocity measurements (95%) passed this signal quality test. Pipe centerline velocity data are summarized in Table 2 . Figure 4 shows pipe centerline velocity data plotted against the square root of the water-surface slope. The two parameters display a distinct linear relationship. 
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Figure B-l. Water-surface elevation as a function of distance along flume, experiment 012299PA.
